Changes in diet quality may be as important as changes in energy availability in the reproductive success of small mammals. The effect of dietary protein on fitness of females is most likely mediated by changes in yield or composition of milk. Mus musculus was used as a model to test whether dietary protein restriction leads to changes in milk composition. Primiparous mice were fed a 10% or 20% casein-based diet through 2 consecutive reproductive attempts. There was no effect of diet on food consumption or litter size. However, a reduction in dietary protein led to the production of milk with a 12% decrease in protein content and decreased both prenatal and postnatal growth of young. The impact of low levels of dietary protein on milk protein was greater with the increased reproductive demands of concurrent pregnancy and lactation. Significant variation in the protein content of milk was seen among females on the 20% casein-based diet, but not among females on the 10% casein-based diet. Further work is needed to determine the physiological mechanisms that lactating mice might possess to compensate for changes in dietary protein levels, and to determine if the effect of decreased diet quality on the reproductive success of small mammals is similar to the effect of energy availability.
Both the quantity and quality of resources available to organisms can strongly influence growth and development of juveniles during the lactation period. Many studies have focused on the energy demands incurred by females during the reproductive period (e.g., Gittleman and Thompson 1988; Kenagy et al. 1989; Liu et al. 2003; Millar 1978; Randolph et al. 1977) . Reduction in the amount of energy available to small rodents during gestation, lactation, or both has been shown to decrease reproductive success of females through negative effects on growth and survivorship of young and on litter size (e.g., Bronson and Marsteller 1985; König 1989; Millar 1975) . Some of these negative effects of energy restriction on reproductive success are mediated through changes in milk composition or volume (Brigham et al. 1992) .
The effect of diet quality on reproductive success has received less attention compared to that directed at energy availability. Maternal dietary protein is one important aspect of food quality that has been demonstrated in both laboratory and field populations to affect several life-history characteristics including growth rate, litter size, proportion of females breeding, and likelihood of young-of-the-year breeding (Bomford 1987; Cameron and Eshelman 1996; Goetsch 1960; McAdam and Millar 1999; Veloso and Bozinovic 2000) . The effect of dietary protein on growth of young and likelihood of breeding by young of the year are most likely mediated by changes in milk yield or milk composition. Sampson and Jansen (1984) showed that pup growth was reduced when lactating females were fed a low-protein diet. They inferred that this was due to reduced milk yield, but the result could also occur if protein levels were reduced in the milk of these females.
Studies of laboratory rats (Rattus rattus) have tended to support the hypothesis that maternal dietary protein influences protein characteristics of milk (Crnic and Chase 1978; Pine et al. 1994b ; however, see also Grimble 1981; Mueller and Cox 1946) . However, the results from these studies are ambiguous because rats on a low-protein, isocaloric diet eat significantly less food compared to rats maintained on a high-protein, isocaloric diet (Crnic and Chase 1978; Pine et al. 1994b ). Thus, a clear demonstration of the effect of dietary protein on milk protein has been confounded with the potential effect of low calorie intake on milk composition.
Although some studies have examined milk composition in mice under normal dietary conditions (see Derrickson et al. [1996] and references in Oftedal and Iverson [1995] ), we know of no studies that have examined the impact of dietary protein on milk composition on mammals as small as mice. The objective of this study was to test the hypothesis that female Mus musculus with ad libitum access to a low-protein, isocaloric diet would produce milk with a lower total protein content compared to females given a control diet, and that the effect of dietary protein on milk protein would be greater if females were under greater protein stress. This hypothesis was tested by feeding females a protein-rich diet or a protein-poor diet from before conception through the course of 2 litters. The effect of diet on milk protein was predicted to be greater during the 2nd litter compared to the 1st, and was predicted to be greater in females who conceived their 2nd litters at postpartum estrus compared to females who conceived their 2nd litters after weaning the 1st.
MATERIALS AND METHODS
Study animals and maintenance.-This study was conducted in compliance with the guidelines of the American Society of Mammalogists for the care and handling of mammals (Gannon et al. 2007 ). The Institutional Animal Care and Use Committee of Loyola College approved protocols used in this study. Female mice, M. musculus (ICR strain, Harlan Teklad, Indianapolis, Indiana.), were housed in individual plastic cages (28 Â 17 Â 13 cm) with wood chip bedding and stainless steel tops. One week before pairing, mice were switched from standard mouse chow to an experimental diet. Water and food were available ad libitum and food consumption was recorded at least twice weekly throughout the duration of the experiment. The room was kept between 208C and 248C on a 14L:10D photoperiod.
Experiment 1: effect of diet on milk composition.-Thirtyfour mice were placed into 1 of 2 diet treatments: a 10% (115 g/kg casein) or 20% (230 g/kg casein) protein isocaloric complete diet containing approximately 15.7 kJ/g produced by Harlan Teklad. The energy content of the missing protein in the 10% diet was replaced primarily by increasing the amount of sucrose. Food consumption was recorded before pairing to determine if there was any difference in diet consumption. Maternal mass, litter size, and neonate mass were recorded on the day of birth.
The 2 diet treatments (hereafter, 10 and 20) were subdivided into 2 reproductive treatments. After 1 week on the diet, females were paired with males. Males were removed after 4 days. In the 1st reproductive treatment, one-half of the females were re-paired with their mates after weaning of their 1st litter at day 23; this group of females was lactating but not pregnant (10L or 20L) during their 1st litter. For the 2nd reproductive treatment, the remaining females were re-paired with their mates before parturition so that females could become pregnant at the postpartum estrus cycle. Females in this 2nd reproductive treatment were lactating and pregnant (10LP or 20LP) while rearing their 1st litter. During the 2nd litter, females in all groups were lactating only.
Milk collection and analysis.-On days 7 and 14 of lactation, milk samples were collected from each female. Females were separated from their young for 1 h before milking. Females were anesthetized using 0.14 mg of sodium pentobarbital, and then injected with 1 IU of oxytocin intraperitoneally to induce milk letdown. The nipple area was swabbed with 70% ethanol and excess fur was removed. Milk was manually expressed from 2 teats (the rear-most teats were generally chosen because they were the most productive) until no further milk could be collected (approximately 15 min of collection time). Samples averaged 190 ll in volume. Samples were collected in capillary tubes and combined into 1 plastic microfuge tube that was then stored at À208C until analysis. After milking, the females were allowed to regain consciousness before being returned to their young. Four females were lost to anesthesia (3 after the final of 4 milk collections).
Twenty-four females successfully completed 2 consecutive litters. Despite the efforts to reduce the stress of milking on females and young, 4 females produced inadequate amounts of milk for sampling and had litters that exhibited slower growth than normal. Data from an additional female were lost because of error during sample analysis. Sufficient and complete samples were successfully obtained from 19 of the 24 females. In order to obtain reliable data on growth of young, the experiment was repeated in a modified form (see ''Experiment 2: effect of diet on growth of young'').
Total milk protein was measured spectrophotometrically using the Lowry reaction (Sigma Diagnostics, St. Louis, Missouri). Analyses were done in duplicate for each sampling period using milk samples of 50 ll. The 2 replicates were used to calculate a mean value of protein composition at day 7 and day 14 of lactation for females in the 10% and 20% treatments during their 1st and 2nd litters.
Experiment 2: effect of diet on growth of young.-Because the stress of milking affected some females, the experiment was repeated so that reliable reproduction and postnatal growth data could be obtained. Twenty mice were divided equally into 2 treatment groups that received either the 10% or the 20% protein diet. After 1 week on the diet, females were paired with males. Males were removed after 4 days. Food consumption and maternal mass were recorded twice weekly; litter size and neonate mass were recorded on the day of birth, and offspring mass was recorded twice a week until weaning at day 21. In this experiment, only 1 litter was followed for each female (no females were paired during postpartum estrus) and no milk samples were collected.
Statistical analysis.-Analysis of variance was used to test the effect of lactation stage and experimental treatment (10L, 10LP, 20L, and 20LP) on protein content of milk, and the Tukey-Kramer honestly significant difference (HSD) test was used to determine significance among treatment means. A paired t-test was used for pairwise tests. Individual variation in milk protein level was tested within diet treatment for the 19 females with a complete set of 4 milk samples (2 milk collections for each of 2 litters). All means are reported 6 1 SE. Statistical analyses were performed using commercially available software (JMP version 3.2.2, 1997, SAS Institute, Cary, North Carolina). Results were not considered significant if P . 0.05; however, P-values between 0.05 and 0.10 are noted in the results.
RESULTS
Initial conditions.-At the initiation of experiment 1, females in the 10% treatment were slightly heavier, but this difference was not significant (Table 1) . Mothers in both groups ate similar amounts of food during the week before pairing (t ¼ 0.6, d.f. ¼ 18, P . 0.9), indicating that the diet treatment did not significantly change initial patterns of food consumption.
There was no difference in timing of the 1st birth between the diet treatments. Females in the L treatment groups were repaired with their mates upon weaning of their 1st litter on day 22; their 2nd litter was born 21.5 days after pairing. The timing of the 2nd birth differed by diet treatment for those females in the LP group. For those mice that were concurrently pregnant and lactating, those on the 20% diet gave birth after 25 days, whereas those on the 10% diet gave birth after 28
Neither litter size nor neonatal mass differed between diet or reproductive treatment (Table 1) . Maternal mass after the birth of the 1st litter did not differ between treatments. However, mice on the 20% protein diet tended to be heavier after the birth of their 2nd litter compared to mice on the 10% diet (t ¼ 2.02, d.f. ¼ 23, P ¼ 0.056; Table 1 ). This effect may primarily be attributed to the heavier mass of females in the 20L compared to all other treatments (Fig. 1) . Diet treatment appeared to have no effect on food consumption (Fig. 2) .
Milk composition.-Milk protein content did not differ between the early lactation and late lactation samples and this variable was not included in subsequent analyses. There was no significant difference in milk protein during the 1st litter among the 4 treatments (F ¼ 2.37, d.f. ¼ 3, 44, P ¼ 0.08; Fig. 3 ). When reproductive treatment was removed from the analysis, diet alone had a significant effect on milk protein levels (t ¼ 2.49, d.f. ¼ 46, P ¼ 0.016), with milk protein levels higher in mice feeding on the 20% protein diet. During the 2nd litter, the 4 diet and reproductive treatments differed in milk protein levels (F ¼ 3.76, d.f. ¼ 3, 35, P ¼ 0.019; Fig. 3 ). Females on the 20% protein diet in the lactating-only treatment (20L) had significantly higher levels of milk protein than females on the 10% protein diet that were lactating and concurrently pregnant FIG. 1.-Body mass of females on day 1 after the birth of the 2nd litter. Reproductive treatment was based on reproductive condition during the 1st litter and was either lactating only (L) or lactating and concurrently pregnant (LP). The mice in the 4 diet and reproductive treatments did not differ in body mass, although mice on the 20% diet tended to be heavier. Females in the 10L and 20L groups were on average 16.5 days older than those in the 10LP and 20LP groups because they were paired after weaning their 1st litter, whereas the LP groups were paired after the birth of their 1st litter. Bars represent means 6 1 SE.
FIG.
2.-Food consumption by diet treatment during late gestation and lactation. Maternal food consumption was measured until eyes of young opened at day 14. Food consumption was measured as the change in mass of food in the hopper between measurement periods; small particles of food in the cage were not included. Mean daily food consumption was calculated by litter and averaged across diet treatment during days 2-4 and 0-2 before birth and from days 1-4, 4-7, 7-10, and 10-14 after birth. Because females in the lactating only (L) and lactating and concurrently pregnant (LP) groups experienced different energetic demands during the 1st lactation period, only food consumption from 2nd litters is included. Data on food consumption before birth include only data from females whose mates were not present. Means are presented as 6 1 SE.
during their 1st litter (10LP; Tukey-Kramer HSD, P , 0.05). Milk protein in the 10LP group declined 20% compared to the 20L group. In a regression model with diet, litter, and reproductive condition all entered as main effects, only diet had a significant effect (F ¼ 10.87, d.f. ¼ 1, 79, P ¼ 0.0015). Across all treatments, females fed a diet containing 10% protein produced milk containing significantly less total protein than that produced by females in the 20% dietary protein treatment (8.3% 6 0.21% protein in 10% treatment; 9.4% 6 0.23% protein in 20% treatment).
Females on the 10% diet did not differ in proportion of protein in their milk (F ¼ 0.70, d.f. ¼ 10, 33, P . 0.70). However, on the 20% diet there was significant variation among females (F ¼ 2.89, d.f. ¼ 7, 24, P ¼ 0.02). Milk protein content ranged from 7.44% to 11.21% in the 20% treatment group, and from 7.46% to 8.99% in the 10% treatment group. Variation shown by the females on the 20% diet was not significantly correlated with litter size, neonate mass, or female mass.
Experiment 2: growth of young.-As in experiment 1, litter size was not significantly different between the mothers fed 10% and 20% protein diets ; the mean litter size for the 10% and 20% protein diet treatments was 12.8 6 0.49 and 12.5 6 0.72, respectively. Litter mass at birth also was not significantly different between the mothers fed 10% and 20% protein diets (t ¼ 1.78, d.f. ¼ 18, P ¼ 0.09), the mean (6 SE) litter masses for the 10% and 20% protein diet treatments were 18.3 6 0.66 g and 20.5 6 1.03 g, respectively. Body mass of young was significantly lower in the 10% protein diet treatment than in the 20% protein diet treatment on the day of birth (day 0; t ¼ 2.68, d.f. ¼ 18, P , 0.05) and at weaning on day 21 (t ¼ 2.95, d.f. ¼ 18, P , 0.01). Body mass of young on day 0 averaged 1.44 6 0.04 g and 1.66 6 0.07 g for the 10% and 20% treatments, respectively. Body mass of young on day 21 averaged 8.94 6 0.41 g and 11.11 6 0.61 g for the 10% and 20% treatments, respectively. Growth rate of young was significantly higher for the females fed the 20% protein diet ( Fig. 4 ; treatment Â day interaction F ¼ 19.8, d.f. ¼ 1, 154, P , 0.0001). The mean growth rate for young during the lactation period in the 10% and 20% treatments was 0.36 g/day and 0.45 g/day, respectively.
DISCUSSION
Potential implications of decreased milk protein levels on young.-The results of this study demonstrated that protein levels in the diet affected the protein levels in milk. Decreased protein content in milk can have numerous effects on growth and development of young. Milk proteins, primarily casein, serve as a source of nitrogen for amino acids and nucleic acids for growing young during the period of lactation (Blackburn et al. 1989 ). In addition, approximately 15-30% of the energy content of milk comes from milk protein (Derrickson et al. 1996; Jeness and Sloan 1970; Oftedal 1984) . Because young of mothers on the low-protein diet exhibited decreased growth and lower mass at weaning, low protein levels in milk during the period of lactation could have immediate effects on post- weaning survival, as well as long-term effects on fitness of adults. Although compensatory growth might occur after weaning if dietary conditions improved, such accelerated growth has been suggested to entail additional fitness costs (Arendt 1997; Mangel and Stamps 2001) . Protein deficiency during the period of lactation could impact development, as well as growth. Neural development and skeletal muscle development are both affected by dietary protein levels (Morgan and Naissmith 1982; Punzo et al. 2003; Zhu et al. 2004) .
What is the functional relationship between dietary protein and milk protein?-Low levels of dietary protein were a stressor in the sense that lactating mice could not maintain constant levels of protein in milk in the face of declining content of protein in their food. However, the functional relationship between dietary protein and milk protein is unknown. If milk quality declines linearly in proportion to a decline in food quality, then we might conclude that females cannot adjust physiologically or behaviorally to compensate for a poor-quality diet.
In this study, a decline by one-half in dietary protein (from 20% protein to 10% protein) resulted in a decline in milk protein content by 12%. These results suggest either that the 20% protein diet provided excess levels of protein, or that a nonlinear relationship exists between dietary protein intake and milk protein production. If a linear relationship does exist between dietary protein and milk protein, then the minimum required protein in the diet of reproductively active mice is approximately 11.4% protein. However, the minimal protein required for most rapid growth of young is probably much greater than this value.
Maximal growth rate for laboratory rats (Edozien and Switzer 1978) and voles (Microtus pennsylvanicus- Shenk et al. 1970 ) occurred with diets whose protein levels exceeded the 20% used in this study. Because the decline in milk protein was less than the proportionate decrease in dietary protein from optimal values, it would appear that the relationship between dietary protein and milk protein is curvilinear and that females possess compensatory mechanisms to increase the amount of protein available for milk production.
Mammals can support the energetic demands of lactation through increased food consumption and through the utilization of body stores of fat. Because smaller mammals cannot support as readily the energy requirements of reproduction through stored fat, most small mammals must rely on external sources instead of body stores (Bronson and Perrigo 1987; Millar 1978) . It is reasonable to expect that small mammals would be heavily dependent on external sources to support the protein demands of reproduction as well, and that the effect of a low-protein diet would be greater as the demands of reproduction increased.
Lactating females could use at least 3 different strategies to compensate for a protein deficit. Lactating females could compensate for a dietary protein deficit by mobilizing protein from body stores to meet some of their protein demands. Female rats have been shown to moderate their protein deficit by using body stores of protein (Pine et al. 1994a ). In our study, females in the 10% diet treatment were 5% lighter than females in the 20% treatment by the time of parturition of the 2nd litter, although this difference was insufficient to provide enough additional nitrogen to maintain protein levels in milk.
Second, lactating females could compensate for a dietary protein deficit by increasing the input of protein from the environment. There is no evidence in this or other laboratory studies that female mice compensate for low protein in the diet by increasing food consumption (Crnic and Chase 1978; Pine et al. 1994b ). However, females may increase the amount of protein that they extract from a poor-quality diet by increasing their assimilation efficiency for amino acids. Diamond (1992, 1994) have shown that mice under energy stress can increase their capacity for energy absorption through an increase in intestinal area for absorption or through an increased transport activity per unit of intestine.
Third, lactating females could compensate for a dietary protein deficit by reducing their reproductive effort to match the lower availability of protein. In our study, females did not seem to alter their reproductive effort when fed a low-protein diet; litter size was similar under both diet treatments. This indicates that protein deficiency has very different effects from energy deficiency on reproductive tactics because reduced energy availability frequently results in changes in litter size (e.g., Bronson and Marsteller 1985; Konig 1989; Millar 1975) .
Comparison of diet treatments to natural protein consumption.-The protein content of food varies greatly, with some dietary items (such as seeds and insects) being good sources of protein, and other dietary items (such as fruit and other plant material) being much poorer sources of dietary protein. Many small omnivorous mammals such as Mus and Peromyscus have a varied diet during the breeding season, feeding on insects, seeds, and green vegetation (Whitaker 1966) . Sadleir et al. (1973) found that P. maniculatus had an annual average of 28.6% protein in stomach contents. Vickery et al. (1994) suggested that because seeds and insects are both very high in protein, mice may never be protein deficient in nature. However, the positive effects of protein supplementation on growth and reproduction in several field studies (Bomford and Redhead 1987; McAdam and Millar 1999) would indicate that omnivorous small mammals might experience inadequate levels of protein in their diet. Furthermore, not all seeds are high in protein; seeds from 10 indigenous plants found in the Karoo of South Africa varied in crude protein levels from 0.7% to 24.2% dry weight, with a median of 9.5% (Kerley and Erasmus 1991) .
The results from food supplementation studies from the field suggest that small rodents may frequently be protein deficient to the point that their reproductive success is affected. Mice under laboratory conditions do not increase food consumption in response to a low-protein diet (present study; Crnic and Chase 1978; Pine et al. 1994b) or prefer high-protein foods (Kerley and Erasmus 1991) . Under natural conditions, however, lactating hispid cotton rats (Sigmodon hispidus) have demonstrated the capacity to choose among food patches that differ in protein availability . Vickery et al. (1994) indicate that omnivorous small mammals may not have had strong selection on the ability to detect protein in the diet. This may reflect the greater importance of acquiring sufficient energy to support reproduction, even at the expense of obtaining sufficient protein to support that reproductive effort.
Variation among females within treatments.-Female mice can show remarkable variation among individuals in levels of protein in their milk. Spiny mice (Acomys cahirinus) exhibited a nearly 2-fold variation in protein levels while on a standard diet (Derrickson et al. 1996) . In this study, reduction in diet quality did not affect all females equally. Females in the 20% protein treatment group showed significant variation in levels of protein in their milk, but the range of values of milk protein could not be correlated with any other reproductive or morphological variables. Females on the low-protein diet showed no significant variation among individuals in levels of protein in their milk, and the lower limit of the range of milk proteins was 7.4% in both the 10% and 20% diet treatments. This unexpected result suggests that the stress of the experimental treatment may have had limited effect on those females who were going to produce a low-protein, or poorquality milk, and instead appears to have impacted those females who would have produced a high-protein, or highquality milk.
Conclusion.-Dietary protein is potentially as important as energy availability in determining reproductive success in small mammals because milk of poor quality reduces postnatal growth rate, and potentially impacts postnatal development. Female mice appear to have some adaptive responses to minimize the impact of reduced dietary protein levels on milk composition, although females appear to differ in their ability to respond to the stress of dietary protein restriction. Further work is needed to determine the relative importance of the various physiological mechanisms that lactating mice might possess to compensate for changes in diet quality, and to determine if the adaptive responses to decreased diet quality are similar to those for decreased energy availability.
